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A thaorotlcal investigation into tho behavior of
helium goc in tho primary hoat tranoport ●yotom
(PHTS) of tha SP-1OO ●paco nuclear povor ●ymtom
w. performed. Ranul:o Lndicata that holtum gas
dlooolvod in tho prixary coolant will mofit likely
diffuso out of ●olutlon directly into •xiaci.~g
bubbles in tho ●yotam ●cc-lmtoro/gao soparatora
boforo roachinl a concentration sufficient to
drlvo ● nucleation procoss ●lmawhro in tho lt,op.
Difforoncos in individual loop flow ratoa of only
6 fow poreont war. domonotratod to havo a
olgniflcant impacc on tho rolativa gas diffuolon
rata. in tho loop ●ccumulators. Small bubblm
(<13 @ radius) which may ●scapo tho Cas
ooparacoro will not ●xpand from comporatura ●nd
pronouro chan~oo ●a they circulato in tho PHTS.
Bubbloo smaller thsn -60P in radlue will
●vontuall,l collspao by mass diffusion.
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liquid voloclty in t~o chmnol (m/m)

SSO bubblo VOIWO (m )

xaoa cranafor rat. (kg/a)

rc/r’ (dlnanalonloso)

ratio of gas roxoval rat. ●t low flow
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1, l~a

Tha SP-1OO opaeo nuclaar Bowor ●yotom,
curroncly lN th; ●nginoarln- dooian ●nd
dovolopmont phaoo, ●mploya ● 2 !.HVC, uranium
nlcrldm fuolod, fomt ●portrum reactor [1] , Heat
Is trnllmpoucod from tha reactor coro to ● aorloo



of tharwaloctric pommr oonvorsion amsmmbliam by ●

●ulti-loop, liquid lithiu primary haat trmnmport
●yatom (PHTS) (Figuro 1). BOCSUSO Of its high
spaclfic heat, him heat tranofar coafficiant, ●l,d
low pumpinS powar roquiramantm, lithium is ●n
cxtram~ly ●fficiont coolant. Howavor, it
undmrgomm raactionm with ~utrons produc,d in tho
reactor coro rooulting in tho ~anoration of
isotopos of hydrogan and helium, Tho hydrogon
imotopaa ● ro ●xpoctad to dissolvo raadily in tho
coolant at t}. proposod oporating temparaturo of
1300 K, ●nd then to diffuso rapidly through tha
niobi- pri~mry loop WS1lS. Hali=, in contrsmt,
has both ● low volubility in lithium ●nd ● low
diffusion coafficiant in slmont ●ny metal, Helium
i. tharoforo ●xpactad to ●ccumulaco in tha primary
coolsnt during normal symtam oporation. This
●ccumulation could sdvorlaly impact tho ●yntam’m
oporation by dagradinS TC.IW pump porformanca,
heat crangfar in tha core, ●nd haac trarmfor in
tho powor convaroion assmmblion. Aa ● ronult of
thcoo concarn~, tho curronz doaiSn of the SP.1OO
primary coolant loop includas six gas
#aparacor/accumlllators to ro~vo gafioo gonaratsd
in tho coolant during normal systam oporationa
(-.. Figuro 2). Howavor, them CM ●operator- ●ra
daaignad to moat certain finico reliability ●nd
separation cfficiancy critaria, As a rcmulc, ●

quantity of gas ■ay ●mcmpo tha soparacora ●ichor
in solution or in tho form of ●oll bubbloa. ma
possibility alao ●xiacs that gaoos which ●ppear in
tho PHTS ●xtornml to tho soparacoro could
●dvorsoly impact syJtam op~rctions in tho tima
baforo thsy aro rmov~d from tho coolmc by normal
sop~racor function. Connaquorwly, ●n ●nalynis of
cha nucleation ●nd subs.quant bahavior of gao
bubblon in cho PHTS it of intcrsmt,

Tho ❑ethod of anslynin consiatad of ● soriam
of ●naqytic ●nd numerical compucatlorm comblnod
with rmviow of previous rolavmnt work. No
●xparimontal work uaa parformmd, Additional
dottils on bo~h tha mochod of ●nalysis and the
results praa~ntod bolov aro provided in [2],

2. USULTS AKDDISWBSI~

Roaults ●ra prosontod in two nacclonc. Th ●

first discutoos tho removal of helium from tho
PHTS coolant by nucleation ●nd ●ass diffusion
proc9aaon. The fiacond ●occion discuacos tha
bohsvior of #mall bubbloa which ●ay airoulato in
tha PHTS prior co ramoval by.tha loop gGa
toparacors,

An oatimatlon of tho ●mount of halium gas
Conoratad in tho primary hmmc trinsport aystom
(PHTS) of ● SP.1OO clano reactor hao baon roportod
●lsawharo [J], Tho results of [3] lndicaco chac
radlolo~ie ~am production rat-s in tha primary
coolant of ● typical SP.1OO clans ayscom (coolant

LiO conctnc 0,1 ●tom t) aro cuch that cha primary
coolant can b. ●xpoctod to bacomm saturated with
holiw within 24 hours ●ftar tho start of full
powor oporationl Bhortly ●fter this time, hsllum
rill bo romovod from ●olution by ● nucl~mtion
procaa- forminS now gaa bubblca, or, tho holim
Day dlffuno diraatly out of solution into pro.
lxlstinS bubbles ●uch ●n thoao in tho #ymt@m
lccumulmcors/~as aaparators,

21.1 ~
A ●implifiod computaciorul modal of ● typical

SP-1OO ■y-corn wan dovalopod ●nd uoad co pradicc
prmamura, tamparatura, helium volubility, Slow
Wloclty, ●nd othor rolmmnt hydraulic parcmmccrs
throughout tho PHTS. Data from thim modal was
umod throughout tho study. Thm pradictod PHTS
halim solubilicy proflla is pramtod in Fig 3.

1.2 ~
Both homogonoaus and hotorogonoouo nucleation

war. invgmtigstod. Ths primary ●echanism for
halium bu~blo nuclostion in tho PHTS was found to
b. hotorogonaouo nucleation ●c small ●urfaca
cavitio- on PHTS wall surf-coo. A liquid ■etal
incipient boiling ●uporhaat modol propoood by
Dwyor [k] wm. ●dapted to predict tho roquirod
helium ~uporoaturation for nucloacion in tho PHTS.

Tho Dwyor corrolatlon 10 baood on ths
‘oquivalont cavicy “ nucleation modol. In this
modol ● forcm balonco la mad. uoing tha Laplaco
●quation for ● unwottad, oxida covorod ●urfaco
inoidl ● ●mall idoalizod cavity. Thim balonco 1-
umod to produco ●n ●otimato for tho radius of
cu~aturo of cho liquid ●urfaco insida tho csvicy
●t preconditioning tomporaturoo a~ld prosouros.
Anothor fore. balanco is used to dotormino tho
prmsouro roquircd to form m vapor nuclouc ● t
ineipiont boiling, now sasuming that tho liquid
incorfaco has movod up tho walls of tho cavity to
● WO1l wottod, un.oxldizod surface. Duyor’s
corrolacion can b. ●xprosood as follow.:

Pv + dT/(r’)’ . PL- 20/ar’ (1)

Tho VSIUO Of r’ im obtainod from tho followins
rolstionohi :

!
(r’) - (2.0U’/(PL- P;))(r’)s

. #lT’/(P~ - P;) - 0 (2)
Tho prlmod mymbolo rofor td valuoo cakon at cho
●urfaco pro-conditioning proamuro ●nd tomporacuro,
Tho raclo #/$’ can b. ●swmod to lio bmtwoon O and
1 for cho prosont purposoa.

Tho material proportion of lithium ●ro
●vailablo in cho licoracuro [5], [6], but # ●nd a
● ro noc moaourablo ●nd ■uoc b. ●valuotod from
●aparimoncal dots. Emcollont mgroomont with tha
●xporimontal daco of Chon [7] (potaooium flowinS
inoido a 0.5” diamotor ~moo~h tub., R. - 5,000)

.Ie
wos obtainod for # - 6,1x1o (m.N/K), ●nd o -
0,72.

Thio correlation ●ay b. ●xtondad to ●ccount
for nucleation ● . ● rooult of dimsolvod sam
●uporoaturation by ●ddinS tho term KCO to

roprooonc tho ultimat~ prooauro ●v~ilablo incido
tho amvity from ●ny sam d!caolvod in tho Ilquid:

KCO + Pv + #T/(r’) . PL - 2a/or’ (3)

Taking p:asauro ●nd tomporaturo ●rn normal symtom
oporatin~ sotpointo, ~ho ●bovo aquatlcn can b.
solvod for Co. Toblo 1 prooonts aalculacod Ho

tup.rs~tur~tionmin lithium for variouo valu.. of
$, 0, PL’, ●nd T’,

Of nocc aro tho ●ff.at. of flow rat. on
nucloaclon in liquid ■etal symtoms. It 10 Well
known that lncrooood flow ratoo result in ●

docroa~o in tho incipient boilln~ fiuporhoat, Tho
ro-oono for thin phonomono ●ro not clear, and they
❑ay 0( may not impact nucloaclon from diosolvod
~amoo , Tho Dwyor ●odol prosantod hero dooo not
toko flow rat. into ●ccount, Also of concorn in



tbm Possibility that lxal flow conditions, such
● a praaauro ehan~ma naar ●n ●ntrancm or ●xit,
could pravidm moro fmvormblo nucleation condltionm
than choaa u-ad ●bova. Thasa coIuorma, togothor
with tho uncertainty in tho valuaa of @ ●nd a, and
uncortaintias in tha ●ffocto of ●urfaca
preconditioning, ●ll s~oot thmt thm prediction-

of this modal b. usad with cmution, ●m cl-o MMY
b. ● sipifiamnt mmrgtn of ●rror.

u~
AC prevlcumly mntlonod, c helium ~as bubbla

will b- ●alncsinad in ●ach of cha six loop gaa
separators to a9Nm ● vohma ●ccmlator function,
● llowin~ room for coolant ●xpansion and
contraction mm aystom tomparmtura chan#as. Since
tho#a bubblal will ●xist from tho ●cart of ●ystam
opcratlon, no Initiml muporsaturation io raquirod
to bagin nucleation. T1’M Ha will ●imply diffum
out of solution ●nd into cha bubbla whan tha
muparsaturatlon i- graat ●nouSh to drLv@ ■ aon
traaafar fro- tha L1/Ho solution to tho bubble,
Tho rosiatanco to this diffualon procamm can ba
ropromantod ●o a MMSS transfer ooofflciant.

Tha mass tranmfar rats ● t ● ●urfaca in ● flw
channel ●ay b. ●xprassad ●m:

WA - QuUbCaDUAm/ Dh (4)

‘UAB
can bt ●atimatad fros Nussalt number

correlations by raplacing tha heat transfer
Prsndtl numb~r with tha nanc t:amsf.r Schmidt
numhr in th~ Nucaolt wbar eorrolationo [S].

For lithium ●t 1300 K: P1.66x10”6 (~.s),

P-431.5 (kg/as), Lnd DM-6.16x10 “o (m/o) (Du

●scimatod from Stokco-tlnstoin relationship).
Usins thasm valuoo, Sc - 6,245.

Tha construction of tho PNTS gaa ●mparator is
such that tho hcllum bubblo is contalnmd in tha
cmntor of tho saporacor with Li flowin~ in ●n
mnnulum ●round tho bubbla (Soo FISuro 2). Ha that
dlffusoe into tha bubblo will cromo tho innar wall
of tha Li ●nnulus. AosumlnS tha~ tho halium
bubblm 1s malntainod in ● cylindrical shapo by
cmntrlfu al forcom, ●nd ignorin tho ●ffoctm on

f !lichlum f ow of thm doflactorm, fi tor, ●nd swirl
vanam , ●n ●atimat@ can b- mada for tho ● maa
crmnsfor co~fflcimnt at chc bubblo ●urfaco,
Llatod below Lm ● cnporlmmntally confirm-d haat
transfer correlation from tha Haat, Cxchtin8ar
Doolgn H#ndbook [9]:

Nu- (.04(Di/Do)-0’10)[,012(Rao’0!280)Pro”)

● .01
*ll+(Dh/L) ) (3)

In tho PHTS ●caumulctors ●t full pow-r (1300 K):

Di
- 0.11 (m), Do - 0,22 (m), Rc -4.26x104, Ba -

6.243, ●nd L - 0.60 (m ),
Subotl?utlng thoso VSIUCO into (5) ●bovo ●nd

replacing tho Piandtl number with tho Schmidt
number roaulto Ln Nu

As
- Ji?.

No~lactLnG tho cyllndor ●nd ourfacmn, tht ●ats

trmn~far surfaoo ● rea AC- 0,207 (ma), ●nd tho

hydrtulic dlamstcr (Da. Di) it found to b- 0,11

(m), Now oubotituklng lnca (4) yioldm:

UA- 327(ACo)(6,16X10”0)(0,207)/0, 11

- 3,60Mlo”’(nco) (kg/c) (6)

For ●n initial coolant LiO contmnt of 0.1 stem
8, tho tottl radiolo~ic production of Ha war ●

●mvmn year oporstional lifa is ●otimstod so bm
0.25 malmm - 0.001 kg [3]. Tho production ratm per
●acond p-r ●ccumulator (six ●ceumulacors in
my-tom) im charmform:

‘Hm - (0.001)/1(7.0)(3.1567x10’)(6)1

- 7.Sbx10 “’(k~s) (7)
Now, combining (6) snd (7) to ●st tha ■aoa

trsnsfcr ratm in thm ●ccumulator to ●qual tha
producclon rat. rasultm in Sn ●mprmssion for ACO:

3.BOX10”.(ACO) - 7,34x10”*0 (8)

ACO - 1,99x1O “0 (kg/m”) (9)

At bmglnnlng of lifa (BOL) in th~ ●ccumu,lstor
.7

<1300 K, 35 kPm), C- - 9.33xlO k~m”, thorofaro:

AC~Cm- 0.021 ● 29. At ●nd of llfm (EOL) (1350
.0

K, 128 kPa), Cm - 3.57x1O k&/m ~ othor

parmmotcra rmmmin ●cmontially uonmtanc ●nd ACo/Ca

- 0.0056 - 0.6Q.
Thus, ●t full powmr, Hm can ba cxpoatmd to

diffuso out of tho coolant into tho ●ccumulator
bubbloa with rolativa cuporsaturationm in tht
ran~a from 0,6 to 2s. Thaso roaults ●hould bc
canmidormd to b. samswhac contatlva ●s ths
goommtr?.am of thm gas saparatar ●nd hallum gao
bubbl~ hava boon Idcallxmd to mimplify analyclo.
In addition, tho earrolatian used for tho
dlffuoion cooffici~nt of hollum in lithium, ●n
important physical proporcy in thm cmlculaclan of
tho ❑ ans diffumlon rata, has not boron aonflrmod
●xporhmntslly.

Aoouming chac tho ■aao diffuclan procaoa in
tha loop ●ccumulator will limit tho rolacivt
helium ouporamturmtion ●t tho accumulator mltfi tc
to 2t or losm ●s dlscunoad ●bovm, tho volubility
dacm of Figuro 3 can ba uosd to tre~tr ●

sup-roaturaclon profilo for tht PHTS (sm. flguro
6), Examination of figurm 4 lndlaatoa that thm
maximum ●uporsaturation to ba ●xpoecad in tho PHTS
is w-11 bmlaw that calculated to b. naoaoaary for
bubblo nucleation on PHTS wall ●urfscoo,
C.onooquontly, it lC conaludod that mass dlffuolan
● t tho gafi smparmtors will domlnatm tho sao
rmmovtl procooc in tho P’NTS.

~AM=AUnx
Tho ❑odol SP-1OO PHTS dloauosad ●bovo 10

composod of a sorlos of ldontical, parallel flow
loopl , Tha ■ass flow rat., loop prosnura prafllo,
●nd loop gaa ●olublllty profile havo ●ll been
aoiumod to bm idmntlcal for ●aeh loop in tho
procoodlng ●nalyclm. How6vor, In thm ●ctual
nanufacturo, ●tsmmbly ●nd oparation of ● oyotam
such ●o cho SP.1OO, lt 1s lmpasmibl~ to ●ako ●ach
flaw loop hydraulically ldontlcal, Tho
posnlblllcy thorofar~ oxioto that ●ach loop may

havo a allghcly dlffaront ■ aan flow rato ●nd

R:W:O!W; :%!: i:O:::rf&’ ‘if f’ronc
Solublllty proflloo wsro oaleulatsd ●t roducod

mast flaw ratad ●nd then uood to ●stlmato tho ~ao
rmmovml rate ●c the low flow aaa~lator rolativo
to thm SS8 romaval rat. ● t on. of tho othor
“normal” ●acumulstoro, Aoouming that RMAB 10



tmtoffoccod by ● smmll rduction in moss flow tat.
(8)csn b- modifiod to ●xprsso th- balanco btwman
syrtom Ho production and rmmoral “n thm caoo of #
loop wlch ● roducod fl~:

(3.80X10”’)(AC~+5AC.)-(6)(7.%XIO- “) (10)

whara AC: is cha holi- suporsaturacion sc cha

low flow ●ccwulator.
How tho ratio of tho two ramoval rates will

bo:

~ - AC: / AC, (11)

.T

Taking Cm - 9.33X1O ●s boforo (SOL, PUll

?owor), f can ba dowrminod ●s a function of tha
-aa- flow rat. ‘tduccion. Tha results of this
calculation indicata that ●n 8t rsduction in mmBs
flow raco in sufflciant to ●liminato gas ramoval
● t tha low flow ●ccumulator. Thi9 imPliOo that
separators snould b. sufficioncly ovorsitod to
●cc~pt ●xtra Las without sacuracins, as lt is
unca-tain whathor or not ●ach separator will
sccumulaca tho carom mwunt of gas ovar tho lifa of
tha ayJCOm,

Am dimcuaamd in tha pravioue ●action, lC
●ppears most liksly chat hollum will diffuso out
of aolucion diractly into tho gas mceumulator
bubblas. Howavar, tha possibility of nucleation
outslds tha gas oopmratora cannot b. sllminatad
●ntiraly dum to unc-rtalntiom in tho nucleation
❑ods 1s , If for mom. raanon gas bubbloo ●ro formmd
outaidc cho separators, or lf helium in tha
s~psrstors ■ansgoa to ●ocapo ●s ● rssult of ● lcos
than 1000 aopar~ltor ●fficlonc
unsp~cified ❑otno, th. behavior o~g ;~%.$k!i~
rclaafied into tho PHTS bccomoa of intaraac,

Tha stops of this invaatigation usa lim~tod to
normal operat~ons, which lncludo ● functional C*S
●opatatcr systaml Tha gat coparacmrm •r~ ●xpoctod
to retain ●ll bubbl-c with rcdil ~roacor than 15
Mm, ●nd cho coolanc void fr~ccian Iomvin# tha
●oparatora in ●xpactad to b. wall below 0.19. fio
.Ifacta of tomporaturo, ~rossura, mnd •a~a
diffusion on bubhlaa of this SLSO war.
invautlhatmd,

Buhblaa Laaving che gan separators or wall
nucleation/growth sites will sxporionco
variations in prascuro end comparator- ●o thay
circulats In th~ PHT9. Thcsa variations will
CSUIO tho bubbles to ●npand ●nd contract ●s they
flow through tha I.oop, A datailad ●naly~lm of
this procosa roquiros ●n ●ccounclng of lnortlal
●nd diffumlon cormm vhlah fir. slBnlflcant mainly
in camQs of rapid rrcnclancrn, AsauminS C1OW
tran~iont, ttaady ●tato, Ot qua~i.mtoady btato
condlcionn, ● ●impl.lfiod ●nalystu is ●ppropriate
[10], Thio ●nalyalb, which ignoron lncrtial ●nd
Qass diffusiou .ff*cts ●nd asuumom tho bubbles to
bo #phorlcai ●nd in thermal oqullibriu with tho
surroundlns coolanc, 1s deacribod below,

Tho Laplaco tquation (Pv + P’ + PL - 2e/r),

tho parfaet ~aa law (? - nRT/Vb), ●nd, tha
B

formula for tho volumo of ● sphoro (Vb - Aflcs/J)

ca!~ bo combintd to dotormino thu radius of ● ~tm
bubbla for any given camparaturo, promoura and
inert gac contant:

(PL- Pv)to + 2ura - 3nRT/(&r) - 0 (12)

Subktitutlng prmmmurmm ●nd tompcraturos from
tho PH7S computational ●odal into tho ●bovc
●quacion, tho changes in bubblo #iza during ●

circuit mf tho PHTS can b. calculated. Racults of
chts calculation ●ra prasontad in FiCurc 5 for
full power. In both B4L m.nd E(IL cmms. procsuro
changaa dominate tamparaturm ●ffoccs. Bubb 10 s
Ioaving tho ~aa ssparator ●rm eomproxoad as thy
paaa through tho pump, ●nd Cradually return to
thair orlSinal aizo ●s they continua throu@ chc
loop . Aa ● result of hiShat surfsco tension
forces ●t ●mll r, bubbles of mmall initial radius
●rm ●ffgctad losn than thosa with ● lsrgar initial
radlu,

Nasn ●quilibrlua for ● spharical bubblo
occurs whan tho partial promsura from ths inorc
gas dls#olvod in tha bulk liquid La ●qual to chc
partlsl prasauro of tho Inert ~as insida the
bubbla . This roquiromant for ●ass ●quilibrium can
ba ●xprosacd msthomatlcally ●a:

P’ - KCO (13)

At ●SBD ●qulllbrium, the bubbla ●ust ●lso ❑oat
the mechanical ●qullibrlum roquiramonta of
hplaco’s ●quation. Combining tho roquiromtnta
for ■aas ●nd mechanical ●quilibrius ●nd noting
thst PL-KCS romults in ●n ●xprossion for r for no

growth conditions:

raq - 2e/lPLACo/Cs+ Pv) (14)

Bubbles aroatod in ● liquld which havo ● initial
radius lar~ar than this ●qullibrium radlua will
grow, vhilo bubbl~n with initial radii smallar
will ultimately collapsa.

Tho loop ●up~rsacuraclon profilsa of ~i~ro 4
can ba used with ●qustlon (16) to ●atimata tho
●inimum bubbl~ #lzo @tablm ●gainst collapso by
●anm diffumion ?t ●ny point in tha SP.1OO PHTS.
The results of this calculaelon ●rc prasontod iII
~igura 6. At full pouor, ● larga portion of cha
loop Is conaldorably aubaaturatad, and no bubb~o
of ●nY ~i~- 10 scabla, Tha mlnimug ~tabla bubbla
radius calculated for thrn romaind~r of tho loop is
macn to b. -40 pm. Asoumin~ that the gas
oaparacorm function ●m dsmlSnod ●nd limit bubblo
CiZO to 15 ~m radius or lass, it would appear chac

mll bubbl-a which ●ncapa tho cat ●oparacoro will
ultlmatoly collapso by ■ass diffumion,
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